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SECTION |

PURPOSE

The purpouse of this contract is to carry out research work {or 4
peried of 18 months commencing June 1, 17262, and ending M ovember 8.

1963, involving investigations leading to approaches to the attainment of

7

'3

high reliability in subminiature ceramic capacitors and the determination
of faiinre rate as a function of voltage and temperature.

In particular, this involves the following:

()

(2)

(3)

()

(5)

Establishment of Matrix | test conditions through a series of
pre-matrix tests,

Development and evaluation of a short-term test to eliminate
carly failures effectively without shortening the time to the
wearout mode of failure.

A determination of the failure rate as a fuaction of voltage and
temperature through Matrix [ and Ma.rix II testing. From the
data thus obtained, derating curves will be derived and over:l!
failure vates for operating conditions will be estimated.

Compilation of quarterly progress reports in accordance with
Signal Corps Technical Requirements No. SCL-210IN, dated
14 July 1961,

Compilation of a final report in accordance srith Signal Corps
Technical Requirements Mo. SCL-210IN, dated 11 July 1961,



SECTION 2

AHBSTRACT

Current-voltage relations as functions of time and temperature
arc presented for C67 Case Size | Monolythic® capacitore., A study of
possible means of predicting the capacitor life is reported, No correia-
tion has been found hetween charge and discharge currents measured
before life test and time-to-failure on life test, Also, no correlation has
been found between AC corona starting voltage and time-to-failure, It
appears the only technique row available for the elimination of potential
cvarly failures is a measurement of lcakage resistance after accelerated
testing. Study is continuing. '
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e CLION 3

PUBLICATIONS, 't ECTURES, REPORTS, AND T ONFERENCES

The Second Quartecly Progress Report, covering the period
1 Septembier 196¢ - su November 1962, was submitted for U. S. Army
Electromcs Research and Development Agency approval during this
quarter. Approvai was received, and the repurt was distributed per
USAERDA instructions.

3-4




SECTION 4

FACTUAL DATA

4.1 General

During the third quarter attention vas directed primarily toward
examining charge and discharge currents of C67 Case Size [ Monolythic
capacitors. Attempts were made to correlate charge and discharge
currents measured before life test and time-to-failure on life test but
were unsuccessful. Likewise, no correlation was found between AC
corona starting voltage and time-to-failure. [t appears the only technique
now available for the elimination nf potential carly failures is a measure-
ment of leakage resistance after testing for a number of hours at
accelerated voltage and temnerature.

4.2 Charge and Discharge Currents

After the voltage is removed from a capacitor, a current flows
in a direction opposite the direction in which it flows during voltage
application. The charge or polarization current and the discharge or
depolarization current have been measured as functions of applied voltage,
temperature, 2nd time for Cb7 Case Size I Monolythic capacitors. The
discharge time and the magnitude of the discharge current indicate a
considerable amount of charge remaing trapped in the ceramic after
rernoval of the charging field.

The C67 Case 5izce | Monolythic capicitor utilizes a barium
titanate ceramic having a dielectric constant of 2000. The thickness of
each diclectric layer is 0.0025 in. The ceramic capacitor is encloscd
in a molded cylindrical case of 0.095 in. diameter and 0.250 in, length,

The circuit used for measurement of charge and discharge cu-rent:
is shown in Figure 1, which, with all figures mentioned herein, is fonyd
at the end of this section. aAfter charging the capacitor the power supply :.
replaced by a short circuit, The Ekco 1079C vibrating reed electrometer
permits the resistor in scrics with the test capacitor to be changed so thae
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an eatremely wide range ot curricats can be covered,  The largest
resistor user' in series with the test rapacitor was 1012 ohma. Most
of the data werc obtained using resistors of 108 and 1010 ohms.

Figurc 2 presents a discharge current curve for a C67 Case
Size 1| Monolythic capacitor near room temperature. This curve was
obtained in the following manner: After 15 min of discharge, the
discharge circuit was opened for 1 hr, then closed again. At this point
the discharge current was greater than when the discharge circuit was
first opened., Further, after an additional 13 min of discharge the
discharge currenl reached a magnitude and time rate of change that
would kave been expected had the circuit not been opened. This behavior
suggests that charge carrier traps of various depths exist in the material.
It is theorized that during the open circuit condition some of the charges
move from deep traps to traps which are more shallow., Also, itis
cvident the resistance of the ceramic is extremely high at discharge and open-
circuit conditions.

Figure 3 presents charge current as a function of time at 150°C
for C67 Case Size I Monolythic capacitors. A fresh capacitor was used
for each voltage stress to avoid current complications which might
result from stressing one capacitor repeatedly. After 15 min of charging
the currents showed very little indication of stabilizing except at the
highest voltage stress. The charge current data are replotted as a function
of charge potential in Figure 4.

One interesting point is that over most of the range the charge
current at any time is proportional to the charging potential. At
approximately 25 VDC/mil the charging current appears proportional
to some power of charging potential higher than one. When the same
capacitor is used for all voltages, from the smallest to the largest, no
current anomaly is found in the range, 18 VDC/mil to 36 VDC/mil, as
can be seen in Figure 5. The current anomaly shown in Figure 4 cannot
yet be dismissed as spurious, since the litersturel contains examples of
the use of normalizing voltages before current measurements, though not
in exactly the same situation.

The data presented in Figures 4 and 5 describe transient charge
currents. The current-voltage relations suggest an ohmic behavior for
the capacitors, but the data do not validate such a conclusion. Steady-state
conditions are necessary to determine if the current-voltage relation is

1cardon, F., "Polarization and Space-Charge-Limijted Currents in Ratile, "
Physica, 27:841-9 (1961),

4-2



chitie or space-charge=lim:tod. ihe work of Branwood and Credgoldé
indicates the current-voltage retation for barium titanate single crystals
is space-charge -limited.

Following charging the capacitors described in Figure 3 were
discharged. The discliarge current as a functior of time for these
capacitors is shown in Figure 6. The discharge current at various
times as a function of applied potential for the same capacitors is
presented in Figure 7. The value of discharge current after a partic-
alar discharge time is proportional to the charging voltage. It is note-
worthy that no current anomaly occurs in the voltage range,. 18 VDC/mil
to 36 VDC/mil. This is in contrast to Figure 4. Figurc 7 suggcsts
some mechanism is limiting the discharge currents when the capacitors
are initially charged at voltage stresscs greater than 70 VDC/mil.

Figure 8 presents the relationship between charging current and
temperaturce. To obtain theue data, the same capacitor was used for all
temperatures. Since the charge current at each temperature changes
quickly with time, thesc data cannot be used te calculate the activation
energy for conduction. The pseudo activation energy for conduction over
much of the temperature range is 0.24 electron volts (ev).

An attempt was made to determine the steady-state registance-
temperaturc relationship for a fresh capacitor. The results are presented
in Figure 9. To obtain thesc data, the capacitor was charged at 150°C
un:il the charging current no longer decreased with time but achieved a
steady value. The temperature was then lowered while voltage was kept
on the unit, and the steady-state charging current was recorded for each
temperature. The resistance-temperature relationship is complex and
cannot be described by one value of activation energy for conduction. The
data suggest two activation encrgies: 0,34 ev below 115°C and 1.7 ev
above 115°C, The titanate ceramic diclectric material has a slight
permittivity maximum at approximately 115°C. Above 115°C the
pcrmittivity decreases in a manner similar to the way in which barium
titanate decreascs ahove th: Curie temperature.

The capacitor was charged at cach temperature for which charging
data are presented in Figure 8, then discharged. The discharge current
curves are presented in Figure 10,

Figurc |1 presents charge and discharge current curves for a
capacitor which had been life tested previously at 150°C and 75 VDC/mil
for 1600 hr., During the life test the resistance of the unit decreased

ZBranwood, A., Tredgold, R,, ""The Electrical Conductivity of Barium
Titanate Single Crystals,” Proccedings of the Physical Soclety, 76:93-98 (1960).
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approximately founr orders of inagnitude,  The degraded capacitor was
charged for 15 min at 100°C and 225 VDC in the same direction as

during life testing, then discharged. The corresponding charge and
discharge curves for this operation are labeled (+) on the figure,
Following discharge the capacitor was charged in the direction opposite
the charging direction during life testing, then discharged. The corre-
sponding charge and discharge curves for this operation are labeled (-}in
the fignre, It will be observed that the discharge curves are approximately
one order of magnitude apart. For comparison, a fresh capacitor was
charged in one direction and discharged, then charged in the opposite
dircction and discharged. ‘The resulting discharge curves are witkin

20% of one another, as can be scen in Figure 12. The data suggest that
ionic migration resulting from life testing leads to charge carrier traps
of different average depth in the proximity of each electrode. This
hypothesis assumes that releasc of trapped charges is effected by thermal
energy.

The magnitude of the discharge or depolarization currents observed
for the C67 Monolythic capacitor raises the question of their origin. It is
not kitown whether these currents are primarily related to the polycrystalline
form of the material, with its attendant defects cuch as grain boundaries
and cloded pores, or whether they are related primarily to the bulk or
surface characteristics of the crystal structure itself. [t appears the
polycrystalline form is of secondary imnortance in determining the occur-
rence of the discharge currents. Figures 13 and 14 present dilcharging
currents of barium titanate single crystals prepared by the Remeika
technique. These currents are approximately 100 times greater than the
discharge currents of a C67 capacitor under comparable conditions of
charging. The discharge currents are presented in Figure 15. While the
chemical composition of the single crystals dlfhrl from that of the
ceramic they are both essentially barium titanate>, and it can be tentatively
concluded that the discharge currents of the C67 material are not a
consequence of its polycrystalline form,

4.3 Lifetime Indicators for C67 Case Size | Monolythic Capacitors

Recent work at Linden Laboratorles, Inc., 4 indicates there is a
correlat:on between discharge current and the stability of titania ceramic
capacitors on life test, Experiments were conducted by Sprague in an
effort 1o determine if a correlation exists between charge or discharge

3Remeika, J., "A Method for Growing Barium Titanate Single Crystals.”
J. Amer. Chem. Soc., 76:940 (1954).

4Linden Laboratories, Inc., "Crystal Chemistry of Ceramic Dielectrics, ™
Report No. 15, July 15, 1962, Contract No, DA-36-039-SC-7891..
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curronis and tune-to=failure on iite test for €67 Case Size 1 Monolythic
capacitors. Life testing was at accelerated conditions of 150°C, 190 VvDC
(75 VDC/mil). A capacitor was defined a failure when its resistance
dropped below 100 megohms at test conditions, A resistance of 100 meg-
ovhmy at 150°C is a decrease of approximately three orders of magnitude
from the resistance of a new unit. A resistance change of this magnitude
indicates the capacitor is wearing out although, as will be scen from
subsequent data, a capacitor of this type may go on for many additional
hours before its resistance drops to a level which makes it unusable in
many circuits,

Figure 16 presents the relationship between charging current and
time-to-failure for 23 capacitors. The relationships of time-to-failure
and other measurements are presented in Figures 17 and 18. No corre-
lations exist within the rather narrow range of failure times for the
6000 upf capacitors. Figure 19 presents the relationship between electrical
resistance after 50 hr and time-to-failure on life test, While it is evident
that the relative lifetimes of the capacitors can be estimated after life
testing has been underway for a time, the data reveal the lifetime estimate
for some capacitors could be in considerable error. Figure 20 presents
the resistance as a function of time during life testing for several capacitors.
In the carly stages of life testing the capacitors behave similarly but later
they diverge.

In another experiment a group of 22 capacitors was conditioned with
190 VDC at 150°C for 24 hr before the charge and discharge currents were
measured. Attempts to correlate these measurements and others made
before or in the early stages of life testing are presented in Figures 21
through 24. A relationship exists between the resistance after 25 hr of life
testing and time-to-failure on life test, though, as was seen earlier in
similar relationships, maverick capacitors occasionally occur. Figure 25
shows resistance as a function of time for several capacitors during life
testing. '

In another ¢xperiment a group of 24 capacitors was conditioned with
50 VDC at 150°C for 168 hr before charge and discharge currents were
measured. The life testing of these units is not yet completed but enough
data are available to allow the conclusion that no correlation exists between
charge or discharge currents and time-to-failure. The correlation attempts
are presented in Figures 26 through 28. There is apparently a relationship
betwcen the resistance after 100 hr of life testing and time-to-failure on
life tests, as shown in Figure 29. Figure 30 presents the resistance as a
function of time during life testing for several capacitors,

In another experiment, a group of 24 capacitors was subjected to
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ve

Vo WV rims (60 epg) ot 1507°C tor 5 br before charge and discharye:
currents were measured. The life testing of these capacitors is not

vet completed, but the available data indicate no correlation exists
between charge or discharge currents and time-~to-failure. The corre-
lation attempts are presented in Figures 31 to 33, Therc is apparently

a relationship between the resistance of the capacitors after 100 hr of
life testing and time-to-failure on life test, as presented in Figure 34,
Figurce 35 presents the resistance as a function of time during life testing
for several capacitors.

An additional experiment involved an attempt to correlate 60 ¢ps
corona starting voltage and time-to-failure of the capacitors on DC life
test, The location of the corona may be in voids or cracks within the
dielectric material or between the electrodes and dielectric surface in
certain instances. It is not known whether this can he related tn
capacitor life time. In determining corona starting voltage cach capacitor
was flashed with 30 VAC when the voltage supply was switched on. The
AC voltage was then increased slowly until corona could be detected. A
0.1 in. deflection on the oscilloscope screen was cquivalent to 0,4 mv.
No corona was produced by the equipment below 2000 VAC. The relation-
ship between corona starting voltage for 27 capacitors and time-to-failure
is presented in Figure 36. There is apparently no ccrrelation. The units
snhjncted to corona start testing failed within the same time range as the
control units. This indicates the corona testing did not damage the units.
As noted for other capacitor groups, a relationship exists between the
resistance of the capacitors ufter 50 hr of life testing and time -to-failurc
on life test, This is shown in Figure 37.
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(2) Capacitor charged at 6 V [or 5 min, then discharged
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DISCHARGE CURRENT AT 150°C

FOR A C67 CASE SI2E | MONOLYTHIC CAPACITOR
(Dielectric area: 0.%) em‘; dielectric thickness: 0.0064 em)

Figure 15




Charge Current at 2 Min,x 1o‘° (amp)
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RELATIONSHIP BETWEEN CHARGE CURRENT AT 2 MIN
AND TIME TO FAILURE
FOR
C67 CASE SIZE 1 MONOLYTHIC CAPACITORS (~6000 uul)
‘Charge conditions: 130°C, 225 VDC)

(Definitinn of Failure: clectrical resistance < 100 M2
at life test cond tions of 150°C, 190 VDC)

Figure 16
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Discharge Current at 2 Min,x 1010 (amp)
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Time to Failure (Hrl

RELATIONSHIP BETWEEN DISCHARGE CURRENT AT 2 MIN
AND TIME TO FAILURE
FOR
C67 CASE SIZE | MONOLYTHIC CAPACITORS (~6000 puf)
{Charge conditions: 130°C, 22% VDC, 15 min)

{Definition of Failure: electrical resistance <100 MR
ot life test canditians of 150*C, 190 VDC)

Figure 17
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AND
TIME TO FAILURE ON LIFE TEST
FOR
€67 CASE SIZE | MONOLYTHIC CAPACITORS (“6000 uuf)

AFTER 50 HR OF LIFE TESTING

Time to Failure (Hr)
RELATIONSHIP BETWEEN ELECTRICAL RESISTANCE
{Definition of Failure: electrical resistance <100 MEN
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AND TIME TO FAILURE
FOR
{Charge Con-titions: 223 YDC, 150°C;
Burn-in Canditions: 78 VDC/mil, 24 ke, 150°C)

26T CASE S{2E | MONOLYTHIC CAPACITORS (~6000 uul)

RELATIONSHIP RETWEEN CHARGE CURRENT AT 2 MIN

Definition of Failure: eloctrical resistance <100 MR

Figure 2}




electrical resistance <1 €0 MY

FOR
C4? CASE SIZE | MONOLY THIC CAPACITORS (“4000 pu)

AND TIME TO FAILURE

(Charge Conditions: 223 ¥DC, 1S min. 130°C;
Butn.in Conditions: T3 YDC/emil, 24 Ar, 150°C)

{Dufinition of Failure:

Time to Failure (Hr)
RELATIONSMIP BETWEEN DISCHARGE CURRENT AT 2 MIN
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Time to Failure (Hr)

RELATIONSHIP BETWEEN RATIO OF CHARGE CURRENT AT 2 MIN
TO DISCHARGE CURRENT A 2 MIN
AND TIME TO TAILURE
FOR
G671 CASE SIZE | MONOLYTHIC CAPACITORS (“6000 uuf)
{Charge Co.litions: 2285 VDC, 15 min, 1350°C;
Burn-in Conditions: 7% VDC/mil, 24 hr, 150°C)

(Definition of Failure: electrical resistance <100 MO}

Figure 23
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Electrical Resistance (MR2)
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SECTION 5

CONC LUSIONS

No correlation was found between charge or discharge c(xirents_, )
measured before life test, and time-to-failure un life test for
ChT Case Sire | Monanlythic caparitors.

No carrclation was found for C67 Case Size 1 Monolythic capacitors
which received either an AC or DC conditioning before the measure-
ment of charge and discharge currents.

Na correlation was found between AC corona starting voltage and
time -to-failure for C67 Case Size | Monolythic capacitors.

It appears the only technique now aviiiable for the detection of
potentic! early failurcs is a measureiment of leakage resistance
after a number of hours of testing at acce'erated voltage and
temperature conditions.




SECTION 6

PROGRAM FOR MNEXT QUARTER

(1) The technique ot detncling potential varly failures by DC voltage
application before accelerated life testing for a number of Lhours
will be examined using large sample sizes.

(2) Further examination will be made of the electrical conductivity of
new and degraded capacitors.

61
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